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FOREWORD 
This final report covers the work performed under Contract NAS 8- 11695, 
control numbers DCN 1-4-30-01051 (1F) and CPB 04-47621-64. It is published 
for technical information only and does not necessarily represent the recom- 
mendations, conclusions, or  approval of the National Aeronautics and Space 
Administration. 
This contract with the Republic Aviation Division of Fairchild Hiller 
Corporation at Farmingdale, New York, was initiated by the National Aero- 
nautics and Space Administration, Manufacturing Engineering Division, at the 
George C. Marshall Space Flight Center, Huntsville, Alabama. It was admin- 
istered by William J. McKinney, Contracts Branch, Procurement and Con- 
t racts  Office, George C. Marshall Space Flight Center. Technical guidance 
was furnished by Mr .  Paul Schuerer and Mr. Charles Irvine. 
Mr. George Bohmann was project engineer. Mr .  Gunther Pfanner was 
responsible for the overall supervision of the program. 
Special recognition is given to M r .  Walter B. Trepel for his metallur- 
gical work and to Mr. William Matlach fo r  the sub-scale and die design phases 
of the contract. 
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SECTION I 
INTRODUCTION 
Contract Number NAS 8- 11695 "Study for Age Forming 2014 Aluminum 
Alloy Skins" was awarded to establish t.he parameters and limitations of form- 
ing 2014-T4 aluminum alloy using the technique of restraint during aging to 
shape large-diameter ribbed and waffle pattern skins. The intent of the pro- 
gram was to (a) improve the state-of-the-art and extend restrained age-forming 
process applicability, (b) develop a technique capable of improving the overall 
characteristics of formed 2014-T4 panels and reducing forming costs, and (c) 
generate process parameter scaling factors and recommendations for producing 
components of varying size and geometry. 
The program was  conducted in two phases. 
Phase I was directed at  establishing all pertinent process parameters 
including determination of springback, growth during aging, and the effects 
of thickness variations and blank geometry on forming results. Empirical 
determination of parameters was to be determined on a sub-scale basis. 
Phase II consisted of the fabrication of full-scale tooling to form parts 
to drawing MRD-SK-705, forming of three parts, and the evaluation of the 
formed parts including dimensional checks and measurement of residual 
s t resses  by X-ray diffraction. 
The concept of age forming has previously been developed with some 
degree of success for the single-contour forming of large machined aluminum 
alloy panels. The method employed is to restrain a solution treated part  on 
a fixture and then heat part  and fixture to the aging temperature for the re- 
quired length of time to permit precipitation hardening to take place in the metal. 
The principal drawback to this forming method is the large degree of 
springback in  the par t  upon removal of restraint (of the order of 60 percent for 
1 
2014 aluminum alloy). The tooling has to be built to a smaller radius to com- 
pensate for this factor. 
The forming method conceived by Republic for this program was to elim- 
inate springback by the application of a stretch-type of restraint during the 
aging cycle (Figure 1-1). It was theorized that a par t  in the solution-treated 
condition could be stretched over a die so that all fibers in the par t  were in a 
state of tensile s t ress  and the yield strength of the part  was exceeded and 
that, i f  the part  were then heated to the age forming temperature for the re- 
quired period of time, radial springback would be minimized o r  eliminated. 
A further advantage was foreseen in that, upon release of the tensile 
load, the part would spring back a certain amount in the circumferential direc- 
tion and place the part  in compression. This would result in a par t  less prone 
to s t ress  corrosion, 
The amount of stretch required muld be dependent upon the relative 
effect of several factors including the creep strength of the material, the 
amount of circumferential springback, and the effect of precipitation hardening. 
Figure 1-2a shows a part  in pure bending where the stress varies from 
maximum tensile at the outer surface to maximum compressive at the inner 
surface 
Figure 1-2b shows a stretched part where all fibers are in tension and 
the neutral axis has been moved below the inner surface. 
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SECTION II 
SUB-SCALE TESTS 
A. PHASE1 
This phase of the program w a s  directed toward establishing all pertinent 
process parameters and factors ultimately applicable to age forming the full-size 
skin sections using sub-scale components and specimen shaped parts. 
The factors that had a bearing on the program were: 
1) Growth during aging 
2) Creep at aging temperature 
3) Springback after aging 
4) Effect of part configuration 
5) Poisson's ratio 
6 )  Residual s t ress  
7) Mechanical properties 
1. Growth during Aging 
Both the thermal expansion of the 2014-T4 aluminum alloy part during 
aging and the residual growth resulting from the aging cycle are factors that had 
to be determined. Tests were conducted on flat specimens using two material 
thicknesses: .125 inch and .75 inch. The specimens were solution heat treated 
at 935°F and water quenched. Artificial aging w a s  accomplished at 340°F for ten 
hours. Dimensions were taken before and after aging as indicated in Table 2-1. 
2. Creep at Aging Temperature 
Creep tests were conducted at the aging temperature of 340°F for a 
period of ten hours at different load levels (Table 2-2). 
3. Mechanical Properties 
Tensile tests were conducted both at room temperature and at the aging 
temperature. The specimens were tested in the solution treated condition. Results 
a re  shown in Table 2-3. 
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TABLE 2-2. CREEP TESTING OF 2014-T4 ALUMINUM ALLOY PLATE 
Temperature 340°F 
Specimen Diameter A r e a  Load Stress Creep  % 
No. (Inches) (Inch2) (Lbs) (KSI) 1 Hour 2 Hour 5 H o u r  10 Hour 
.2523 
.2593 
.2538 
.251 
.252 
.2513 
.2513 
.2527 
e 2525 
.050 900 
.0528 1160 
.0504 1104 
.0495 1288 
.0499 1298 
.0497 1292 
.0497 1590 
.0501 1602 
.050 1600 
18.0 
22.0 
22.0 
26.0 
26.0 
26.0 
32.0  
32.0 
32.0 
.0005 
.0009 
.0012 
.00154 
.00160 
.00163 
.00165 
.0019 
.0018 
. 001 
.00155 
.00156 
.0019 
.002 
.00208 
.0023 
.00226 
.0022 
.00226 
.002 
0 0022 
e 0027 
.003 
.00292 
.0038 
.0036 
.0035 
.00298 
.0024 
,00252 
.0033 
.0035 
.0035 
.0047 
.0044 
.0045 
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B. SUB-SCALE TOOLING 
The determination of factors such as springback, part configuration, and 
tensile load affecting the design of the tooling to form the full-scale part required 
the use of a sub-scale tool that would sim-date the full-scale test conditions. An 
integrally heated ceramic die w a s  designed and built for this purpose (Figure 2-1). 
A ceramic die was  chosen because of its low coefficient of thermal expansion, its 
relatively low cost, and its ease of thermal control. 
Heating was accomplished through the use of unsheathed Nichrome V' wire 
heating elements imbedded in precast holes uniformly spaced below the ceramic 
die surface. 
The die surface was  coated with a colloidal solution of boron nitride to act 
as a solid lubricant and located in a 75-ton hydraulic press which provided the form- 
ing pressure. In addition, the die w a s  equipped with a hydraulic cylinder to provide 
controlled tension on the part during the aging cycle. 
C. TEST SPECIMENS 
Three sub-scale configurations of test specimens were employed to establish 
criteria necessary for the full-scale test. 
1) .085-inch thick plain 2014-T4 aluminum alloy sheet 
2) 50-inch thick 2014-T4 aluminum alloy plate 11-3/4 inches x 54 inches 
with machined pockets. The pockets are machined in a square pattern 
(Figure 2-2) and the configuration directly simulates the full-scale test 
panel MRD-SK-705. 
.50-inch thick 2014-T4 aluminum alloy plate 11-3/4 inches x 54 inches with 
machined pockets. The pockets are machined in a diamond pattern 
(Figure 2-3). 
I 
3) 
D. FILLER MATERIAL 
The parts to be formed had machined pockets with stiffener ribs. These 
pockets were  located on the concave side of the part in contact with the die. In 
9 I 
10 
11 
a 
12 
order to prevent facetting or collapse of the skin surface between stiffeners, it 
was necessary to f i l l  the pockets to provide support. 
The filler material selected was a moderately flexible filled casting epoxy 
resin currently used at Republic for casting drop hammer dies and stretch forms. 
It possesses the necessary compressive strength and flexibility required. It is 
cast  directly in the machined pockets and adherence is sufficient to hold it in place 
when the part is inverted and located on the die. 
A drawback to this type of filler is the unpleasant odor given off when the 
epoxy is heated to the age forming temperature of 340'F. 
E. HEATING BLANKETS 
The pocketed test specimens were located with the pocketed side down against 
the smooth surface of the die. Thus, only the stiffener ribs were in contact with 
the heated ceramic surface. 
The relatively poor thermal conductivity of the plastic filler prevented the 
attainment of a uniform temperature throughout the part. A thermal blanket was  
required to maintain the outside part surface temperature at the same level as that of 
the surface against the die. 
F. SUB-SCALE DIE TESTS 
Initial proving tests were conducted utilizing sheet metal instead of the in- 
tegrally stiffened panels representative of full-scale skins. Subsequent tests on 
ribbed panels were performed to compare three alternate age forming methods to 
determine optimum technique for incorporation on full-scale part tests. 
The three methods were: 
1. a) Preform part to approximate final curvature using roller or 
power brake and plastic filler for rib support. 
b) Age form on heated ceramic die with part held under sufficient 
tension to produce controlled creep. 
1 
2. a) Form parts to heated ceramic die by clamping, using no 
tensile loading during forming. 
b) Age form on heated die. 
3. a) Stretch wrap part to heated ceramic die using sufficient tension 
to prevent buckling of ribs. 
Age form with part held under sufficient tension to produce 
controlled creep. 
b) 
During the tests, a constant recording was made of part temperature and 
tensile load. 
Upon completion of the age forming, checks were  made of: 
S pr ingb ac k 0 
Lateralbow 
Facetting 
Rib buckling 
Distortion or  twist 
Residual stress by X-ray diffraction 
Go DIE FORMING RESULTS 
A total of sixteen test specimens were  formed: 
a) Six .080-. 085-inch sheet 
b) 
c) 
Six .5O-inch plate with rectangular pockets 
Four .5O-inch plate with diamond pockets 
Results of tests are shown in Table 2-4 and can be summarized as follows: 
Sub-scale parts in both rectangular and diamond rib pattern were  age formed 
successfully using a die of nominal dimensions. Best results w e r e  obtained by 
applying a total elongation of . 8  to 1 . 2  percent to the outer surface of the material 
during the age forming process. In the f ree  state, the age formed parts conform 
to nominal contour within f .025-inch and can be brought into fu l l  conformity by 
the application of light hand pressure. 
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TABLE 2-4. DIE FORMING TEST RESULTS 
Hyd. Press 
No. Preform Form 
MRP 2615 
- -
1 No 2000 
2 Preform on Brake 2000 
3 No 2000 
4 N O  2100 
5 No 2000 
6 No 500 
M R P  2630 
1 No 
2 No 
2000 
2400 
3 No 2400 
4 No 2400 
PLAIN .08(r' -. 085" Sheet 
1 No 
2 No 
3 No 
4 No 
5 Yes 
6 Yes 
Age 
7 
2000 
2000 
1500 
1500 
1500 
500 
1500 
2400 
1500 
1500 
Elongation 
Long Trans. 
+. 99% -. 12% 
+ o  56% - o  08% 
+. 81% -. 04% 
+l. 17% -. 08% 
+l. 03% -. 10% 
+. 17% 0 Simulated 
Clamping 
+lo 08% -. 33% 
+l. 24% -. 39% 
Part broke after 
8-3/4 Hours 
Die shimmed 
Die shimmed 
Aged at lower 
temp. 
+l. 19% - o  40% 
+l. 40% -- 52% 
0 0 .8-1.1% Elong. Upper 
.2- .4% Shrink Lower 
Surface 
Surface 
- 1250 +. 25% 01% 
- 1500 +. 50% -. 08% 
- 250 +. 22% - *  08% 
- 1500 +. 50% 0 
- 1750 +. 78% -. 16% 
15 
H. X-RAY DIFFRACTION 
An evaluation of residual stresses by means of X-ray diffraction was attempted. 
The two-exposure technique with copper radiation and 20" of camera oscillation was  
employed. 
Because of the large grain size (for X-ray diffraction purposes), it was  not 
possible to produce any integration of the diffracted spots from individual crystals. 
Readings of lattice changes were therefore necessarily taken from the arcs pro- 
duced by the oscillation of diffracted beams from individual crystals. Such read- 
ings and the residual stress determined from them do not represent the average 
residual stress of the metal surface, but rather only the residual stress in the 
diffracting cry st allite 
I. SUB-SCALE RESULTS 
A s  aresul t  of the sub-scale test program, decisions were made relative to 
the full-scale test program: 
1) Age forming under moderate tensile restraint is feasible. 
2) No compensation for springback is required. 
3) The rectangular pocket design is superior to the diamond pattern 
design for the test piece. 
4) Determination of residual stresses by X-ray diffraction techniques 
is of dubious value due to grain size and data spread. 
16 
SECTION III 
FULL-SCALE TOOLING 
A. FULL-SCALE FORMING DIE 
To form the three full-scale test specimens, a tool was required that 
would be capable of handling a test part nine feet wide and thirty feet long, 
It had to form, restrain under tension, and hold the par t  at a temperature of 
340°F for extended periods of time. 
The design had to take into consideration all factors which must be in- 
corporated for the successful age forming of large components including: 
Compatible thermal expansion 
0 
0 Ease of modification 
Independence from support facilities 
Ease of manufacture and low manufacturing cost 
Close tolerance heating capability and reliable process 
control 
A unitized fixture was designed consisting of standard steel sections 
supporting a curved steel arch. 
The die surface consisted of a fused silica cast  Glasrock cement backed 
by dense Glasrock foam blocks. The blocks were attached to the formed steel 
base plate by a layer of ceramic cement and by steel anchor studs welded to 
the plate. The blocks acted as a compression support €or the die face and 
served to insulate the heating elements and prevent heat transfer into the struc- 
ture 
The die surface was formed by screeding the wet cement using contour 
templates located on each side of the die. A layer of boron nitride was applied 
to the die surface to act  as a dry lubricant during forming. 
17 
Uniformly spaced clearance holes were cast 3/8-inch below the die sur- 
face. Resistant heating elements of Nichrome wire were run through the holes 
to provide heat for the aging operation. Thermo-couples were imbedded in the 
die to sense the temperature in different locations (Figures 3-1, 3-2, 3-3). 
The die was equipped with a segmented thermal heating blanket to cover 
the part  to minimize heat loss and assure temperature uniformity during aging. 
The electrical circuitry was divided into six zones - three in the die and 
three in the blanket. Flexibility of zoned heat control was possible by the re- 
location of lead wires o 
The power supply and temperature controls were operated through two 
90KVA-440 volt Weltronic control units (Figure 3-4). Each unit contained three 
controllers for a total of six to control the six separate heating zones in the die. 
Temperature feedback was accomplished through a series of thermocouples at- 
tached to the test part. Recorders were employed to keep a record of the ther- 
mal history throughout the aging cycle. 
1. Actuation - Hydraulic 
To form the parts and apply tension, the die had four hydraulic 
cylinders with a 12-inch bore, 24-inch stroke and a rated capacity of 5000 psi 
o r  223 tons per cylinder. The cylinders were divided into two banks, one bank 
for each gripper jaw (Figure 3-5). 
2. Mounting Jaws  
A pair of mounting plates served as gripping jaws to hold the part  
being formed. The part  was pinned and bolted between the plates. A clevis 
joint transferred the load to each of the hydraulic cylinders which were anchored 
to the die base. 
3. Sling 
A special built-up sling, consisting of an I-beam structure and 
eight wire slings, was used to lift the part  on and off the die. 
18 
a, 
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Figure 3-3. Full-scale Test Fixture - Hydraulic System 
21 
I 
22 
Figure 3-5. Full-scale Test Fixture - Method of Applying Load 
23 
4. Banking Stops 
In order to control the movement of the part and to prevent over- 
stretching of the part, the die was equipped with adjustable end stops. 
5 .  Pull-downs 
As the hydraulic cylinders were mounted in a fixed position and 
were only capable of straight-line stretching, a device was required to wrap 
the part  around the die. This was accomplished by the addition of four chain 
hoists anchored to the die (Figure 3-6), 
Bo OPERATION 
Figure 3-7 illustrates the operation of the die. 
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Figure 3-6. Full-scale Test Fixture - Method of Wrapping Part  
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SECTION IV 
FULL-SCALE TESTS 
A. PART FORMING PARAMETERS 
1. Full-scale versus Sub-Scale 
The full-scale die differs from the sub-scale model in that: 
a) The sub-scale die is capable of both stretching and wrapping the 
test piece. The full-scale die is capable of stretching only, 
Factors of economics precluded the design and manufacture of 
a full-scale die that would, in essence, duplicate a stretch 
press. Under the original Republic concept, the three test 
pieces were to be supplied to Republic in a preformed 'Tcp' 
shape that would permit easy loading on the die. However, 
the parts were received flat, necessitating modifications to 
the die to permit the bending of the part  around the die to a 
position where the ends of the part could be gripped in the 
clevis attached to the hydraulic cylinder. 
b) Banking or  end stops were incorporated in the full-scale die. 
In order to insure finite control of the stretching operation and 
to prevent any over stretching of the part, adjustable banking 
stops were added. 
c) Filler Material - The major drawback to the use of the epoxy 
resin filler used in the sub-scale test was the objectionable 
odor at the aging temperature of 340°F. Attempts to employ 
a chemical maskant to hide the odor proved fruitless. A new 
approach designed to eliminate the odor problem and reduce 
the cost was the substitution of a gypsum cement as a filler 
material. 
2. Elongation Control 
Methods of controlling the elongation of the test part  to insure part 
uniformity w e r e  considered in the design of the die. They can be divided into two 
categories : 
a) Physical restraint 
Clamping part to the die 
Fixed bank stops butting against the transverse stiffener 
ribs 
Fhed  bank stops butting shear lugs welded to the edge of 
the part 
b) Thermal control of ductility 
0 Zone-controlled heat 
Zone-controlled cooling 
a. Physical Restraint 
A method of locally applying pressure o r  clamping the part to 
the die would not work because the maximum elongation occurs at the ends of the 
part where the cumulative effects of the part-to-die friction are at a minimum. 
All methods of controlling part movement by the use of fixed 
banking stops equate the shear strength of the part against the yield strength of 
the part. The method can work i f  the product of the shear strength and the cross 
sectional area of the part butting the bank stops is greater than the product of the 
yield strength of the part and the cross sectional area of the part  in tension. If 
not, it will fail. For example: 
Refer to Figure 4-1. If point '?Brc of the part is restrained by 
stop r'D", it is necessary to exert enough force to overcome 
the yield strength of the material in area "E" to move point 
"A" of the part to stop "C". 
The force required is: 
At room temperature, the yield strength of 2014-T4 is 
typically 42,000 psi. 
28 
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2 The cross sectional area F-F is 2 1 . 3  in 
.'. 42,000 #/in2 x 21 .3  in2 = 895,000# is the force 
required. 
The resistance offered by "B" is: 
The shear strength is 38,000 psi typically 
The cross sectional area G-G is . 135 x 98 = 13.2 in 
.'. 38,000 #/in2 x 13.2 in2 = 502,000# 
2 
Therefore, the transverse rib will shear before the material 
will yield. 
b. Thermal Control of Ductility 
Typical properties of 2014 Aluminum Alloy are: 
Temperature 
75°F 
212°F 
212°F 
300°F 
300°F 
Time Yield Strength 
- 
1/2 hour 
1 0  hours 
1/2 hour 
10  hours 
42,000 
39,000 
39,000 
32,000 
38,000 
2 014-T6 
Temperature Time Yield Strength 
75°F - 60,000 
2 12°F 1/2 hour 57,000 
2 12°F 1 0  hours 57,000 
300°F 1/2 hour 51,000 
300°F 1 0  hours 51,000 
There is enough difference in the yield strength at different 
temperatures to attempt to control the ductility of the part and compensate for 
die friction force over fairly large spans. 
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3. Material Condition As Received 
The three full-scale test parts were supplied by NASA to the configura- 
tion specified in drawing MRP 2647, dimensions for which were established as a 
result of the sub-scale test program. The part was machined 1% smaller in the 
longitudinal direction to permit stretching the part past the elastic limit and placing 
all the fibers in tension. The transverse shrink resulting from the longitudinal 
stretch (Poisson's ratio) was compensated for by machining the part oversize in 
the transverse direction. 
a. Dimensional control 
Discrepancies in the machined part exceeded the allowable toler- 
ances called for in MRP 2647. The average cross sectional area of the parts varied 
by as much as-33% from the nominal. Gross machining er rors  and cracks were 
prevalent (Figures 4-2 , 4-3). 
b. Corrosion 
Areas of surface pitting and corrosion were scattered over the 
part (Figures 4-4, 4-5) probably as  a result of lack of any type of protective coating 
subsequent to machining and during shipment. 
c. NaturalAge 
The parts were in the 2014-T451 condition when received. They 
had been solution treated, quenched and stretcher leveled to the T451 condition. 
Material in this condition is subject to natural aging and over a 
period of time approaches the fully aged condition (Figure 4-6). 
d. Grainsize 
Specimens were cut from the corners of the parts. They were 
polished, etched, and examined for grain size. The size of the grains were of a 
very large order, with grains a s  long as 0.160 inch and 0.012 inch wide (Figure 4-7). 
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Figure 4-2 As-Received Mater ia l  
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Figure 4-3 As-Received Material 
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Figure  4-4. As-Received M a t e r i a l  - Corros ion  
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Figure 4-5. As-Received Mater ia l  - Corrosion 
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B. PRELIMINARY WORK 
1. Blank Preparation 
A hole pattern was drilled in each end of the part  for the attachment 
of jaw gripper plates by means of 24 shear pins to transmit the load. 
An attempt was made to correct o r  compensate for discrepancies in 
the parts. Corrosion sites were ground and polished. Areas weakened by machin- 
ing e r ro r s  o r  cracks were reinforced with doublers (Figure 4-8). 
The machined pockets were coated with a parting agent and filled with 
pattern shop hydrocal, a gypsum plaster selected for its low cost, its low coefficient 
of expansion, and the fact that it is neutral and would not react with the aluminum. 
2. Loading on Die 
Af te r  filling of the pockets, the part was turned over and a grid was 
scribed on the convex surface to correspond to the location of the transverse and 
longitudinal stiffener ribs on the machined side. 
The end plates were located and the shear pins installed. 
A series of thermocouples were bonded to the part to control and re- 
cord part temperature. 
An eight-cable sling was employed to lift the part  onto the die. 
Four chain hoists were attached to eyebolts in the end plates to bend 
the part to the die to permit the attachment of the four cylinder clevis units to 
the end plates. 
3. Buckling 
During the loading of the part on the die, it was observed that a buckle 
of the stiffener ribs occurred in two places as a result of the bending of the part. 
An analysis of the part bending over this radius indicated this to be the result Of 
the bending force being greater than the buckling strength of the longitudinal ribs. 
It was one of the reasons contributing to the original Republic concept Of using a 
part  preformed on a brake or  roll. 
_ x  
Figure 4-8. Repair of Damaged Part  
39 
\ 
I-beams were used to clamp the part to the die and to minimize the 
buckle. The hydraulic cylinders were actuated to pull the part  down on the die 
to remove the buckle. Figure 4-9 shows the part in position on the die. 
4. Die Testing 
A series of tensile loads were applied to Part No. 1 at room tempera- 
ture. Dimensional readings were taken of the grid pattern to establish uniformity 
of elongation over the length of the part (Figures 4-10, 4-11, and 4-12). 
Results showed that the elongation varied appreciably. The banking 
stops were effective in limiting the overall part movement, but it was not possible 
at room temperature to stretch the part the full amount required to set the part. 
Individual throttling valves for each cylinder were effective in balancing 
the forces on the end plates resulting in uniform movement of the part. In all 
respects , the hydraulic system performed satisfactorily. 
5. Heating Tests 
A thermal blanket was placed over the part (Figure 4-13). With sufficient 
tension applied to hold the part  in contact with the die, a low-temperature (200°F) 
heat survey of the part temperature was conducted. Heat was supplied both from 
the die and the blanket. Part temperature was found to be uniform within 1 0  degrees. 
Die and blanket circuitry were varied to apply a l l  of the heat in a local 
zone in an effort to control part  ductility and thus overcome the uneven elongation 
experienced in the cold die tests. Results were unsatisfactory. No sharp thermal 
gradient was achieved due to the high thermal conductivity of the aluminum. 
C. PART FORMING 
1. Part Number 1 
Following the heating tests and the proving-out of the electrical and 
hydraulic systems, the first forming test was begun. 
applied to the cylinders and the part stretched as far as it would go. 
Maximum pressure was 
Heat was 
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Figure 4-9. Part  Loaded on Die 
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Figure 4-13. Heating Blanket Located on Part 
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then applied to the part both from the die and from the electric blanket, and the 
part  creep-formed the remainder of the distance until the desired movement was 
achieved. This desired total movement was the sum of the following: 
a) The 1% stretch required to place all fibers in tension and 
eliminate springback as empirically established in the sub- 
scale tests 
b) The thermal expansion due to the temperature change from 
70°F to 340°F 
c) An amount equal to the longitudinal springback expected when 
the tensile load was removed (Figure 4-14). 
The hydraulic pressure in the cylinders was then adjusted to just hold 
the part in position against the banking stops. 
This position was  maintained with the part of the aging temperature 
of 340°F for a period of nine hours. Multi-point recorders were employed to 
monitor the part temperature during the entire operation. A tolerance of 
was  maintained throughout the test. 
10°F 
Upon completion of the forming operation and the aging cycle and with 
the part still on the die (with no load), a dimensional check was made to determine 
contour conformance and the degree of variation in longitudinal elongation. The 
part, restrained only by the weight of the mounting jaws, matched the die closely. 
A maximum springback off the die at the ends of the part of . 25  inch was measured. 
Longitudinal elongation, however,  was  not uniform, and longitudinal 
springback was greater than had been anticipated. The finished part  had Only 
stretched .70% instead of the targeted 1%. 
In view of the above, it was decided to attempt to increase the length 
of the part by stretching out the center portion, 
part w a s  controlled to achieve a uniform temperature gradient ranging from 310°F 
in the middle of 100°F at the ends. 
To this end, the heat input to the 
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c-SPRRNGGACK- 
Figure 4- 14 ~ Anticipated Longitudinal Springback 
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Pressure was applied to the jaws and the part stretched. At a total 
elongation of 1% of the initial length, the part failed catastrophically (Figure 4-15). 
Preliminary examination of the die and equipment indicated that no 
major damage was sustained and only minor rework was required. 
Examination of the part upon removal from the die indicated: 
a) 
b) 
c) 
d) 
e) 
f) 
The break appeared to be a ductile shear fracture. 
It appeared that there was more than one point of origin of the 
fracture. 
Corrosion was prevalent along the fracture. 
The transverse stiffeners showed signs of abrasion against the 
die surface and, in some instances, were distorted. 
The longitudinal r ib  stiffeners were buckled in several areas. 
Minimum tensile properties achieved were 63,000 psi  yield, 
71 ,000  psi ultimate, and 8% elongation. 
In Figure 4-16 is shown a composite of the web thickness of the machined 
part  at various positions along the part prior to forming. An appreciable variation 
of as much as 13.3% can be observed from the nominal thickness of .150-inch 
called for on the blueprint. Location of readhgs is shown in Figure 4-10. 
The recorded temperature gradient along the part during the operation 
at which failure occurred is shown in Figure 4-17. The temperature of the fracture 
zone was  160°F at failure. 
Upon removal of the part from the die, readings were taken of the per- 
cent elongation between each transverse rib. 
along lines W, E-W, M, W-E (as dcpicted in Figure 4-18) and plotted as ordinates 
against location along the part as abscissa in Figure 4-19. 
Five sets of readings were taken 
In Figure 4-19, the 1% dotted line represents the target dimension for 
the finished part. A comparison of as-received material thickness (Figure 4-16) 
with Figure 4-19 shows that the material thickness variations are faithfully mir- 
rored as variations in percent elongation. 
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Figure 4-19. Percent Elongation as a Function of Longitudinal Location 
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Figures 4-20, 4-21, 4-22 show areas of the part where failure is 
thought to have originated. 
Specimens were cut from the part and tensile tested (Figure 4-23). 
These specimens contained the basic configurations found in the part, i. e. , trans- 
verse stiffeners alone and in combination with longitudinal stiffeners. 
A review of the processing history of the first full-scale piece and 
the results of tensile tests and micro-specimen examination lead to the conclusion 
that there was no single cause of failure. Local necking and failure occurred in 
the web adjacent to the transverse rib due to the cumulative effect of part  geometry, 
corrosion, transverse rib resistance, and machining variations. 
a) Part Geometry 
In a part of uniform cross  section, the lateral unit strain is 
one-third the longitudinal unit strain per  Poisson's ratio for 
this material within the elastic limit. The transverse stiffeners 
in the test part act to resist the lateral strain and effectively 
create a biaxial stress condition in tension with the transverse 
s t ress  being one-third of the longitudinal stress. The yield 
stress of a part in biaxial stress is equal to the algebraic differ- 
ence between the principal stresses in accordance with the 
maximum shearing stress theory. In this case, the resultant 
yield stress immediately adjacent to the transverse stiffeners 
is two-thirds of the yield stress in a part  without stiffeners. 
Yielding will initiate in the region and maximum thinout will 
occur there. This is the area where  failure occurred in the 
test part and also in subsequent sub-scale tensile tests. 
b) Corrosion 
Optimum resistance to corrosion of products in the T4 condition 
is dependent upon a rapid rate of cooling during quenching. The 
resistance of relatively thin sections is superior to that of thicker 
sections which cannot be quenched as rapidly. Normally, residual 
54 
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Figure 4-22. Part Number 1 Fracture Site 
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compressive stresses are present on the external surfaces in 
contact with the quenching medium. Internal stresses,  on the 
other hand, a r e  tensile and may be of a high order. The machining 
of the pockets expoaed the internal tensile-stressed surfaces 
which are more susceptible to corrosion. The presence of moisture 
in the pocket mer material increased the rate of corrosion under 
the 340°F aging temperature. 
Transverse Ribs 
The resistance offered to longitudinal movement of the part by 
the digging into the die surface of the transverse ribs contributed 
to the uneven elmgation experienced in the first part. 
Machining Variations 
The as-machined cross sectional area varied considerably from 
pocket to pocket, resulting in nonuniform elongation throughout 
the part. 
Items b, c, and d can be corrected o r  compensated for to a certain extent 
in subsequent tests. Item a,  on the other hand, is a condition which can only be elim- 
inated by limiting the total elongation to a degree where the local necking can be 
tolerated. 
The question of whether the approximate 1% elongation required over 
the entire contour (to eliminate compression bending stress and thereby eliminate 
springback) can be obtained without causing localized (biaxial strain) failure near 
the ribs is dependent on the hardness level of the material. The reason for this is 
that heat-treated materials have low strain hardenability. Consequently, yielding 
does not appreciably increase the load carrying capability as is the case in annealed 
materials, and instability (necking) occurs at lower total elongation. 
2. Par t  Number 2 
As  a result of the failure of the first test piece, several changes were 
made: 
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a) The transverse stiffeners were recessed by the introduction of 
aluminum filler strips between filler and web of part. This was 
done to eliminate the distortion of the stiffeners experienced on 
the first part due to direct die contact. 
b) Repeated thermal cycling was avoided due to the proving out of 
the system on the first part. 
c) Accelerated corrosion was minimized. Excess moisture was 
removed from the filler material prior to its use in the test. 
The part was located on the ceramic die, the electric heating blanket 
positioned and heat applied to the middle of the part. When a temperature of 300°F 
was reached in the middle, as indicated by thermocouples attached to the part, 
pressure was applied to the hydraulic cylinders. Stretching was incrementally per- 
formed while the part temperature was rising to the aging temperature of 340°F 
throughout the part. 
Upon reaching to within .060-inch of the desired elongation (1% overall), 
the part failed in the first row of pockets near the end (Figure 4-24). 
Examination of the part indicated that: 
a) The break was a ductile shear fracture. 
b) There was no evidence that corrosion was a major contributory 
factor, 
c) The transverse stiffeners were not appreciably distorted. A 
slight bowing (. 010 - .02O over 4 linear feet) was noted in sev- 
eral of the stiffeners. 
d) Buckling occurred in several places on the longitudinal stiffeners. 
e) Appreciable necking and orange peel was evident in the fracture 
area. 
The causes of failure were similar to those for Part Xumber 1. 
60 

Those items that can be considered as variables, such as stress in- 
duced corrosion during forming and the resistance offered by the digging in of the 
transverse stiffener ribs, were eliminated as major causes. 
The constant factors of part geometry and frictional forces remain. 
a) Part geometry 
In a part of nonuniform cross  section, elongation and necking 
under tensile loading will  occur in the area of minimum cross  
section. In this instance, due to machining variations, web 
thickness in the area of failure was some 4% less than through- 
out the rest of the part. Necking occurred here and the part 
failed. 
b) Frictional forces 
There is a cumulative buildup of tangential frictional forces 
along the surface of the die. This results in the stress in the 
part being a maximum at the ends and a minimum in the center. 
Varying the coefficient of friction by the use of various lubricants 
may change the absolute stress values throughout the part, but 
there will still remain a relative differential along the part. 
Elongation control to overcome the effects of part  geometry and fric- 
tional forces is possible by locally varying the yield strength through the use of 
heat. Zone heating by the use of the heating elements in the die and blankets has 
been tried and found unsatisfactory due to inability to localize the zone. 
A new approach to finitely control the temperature and limit it to the 
desired location was started in preparation for use on Part Number 3. 
Sub-scale tests were  conducted using a lamp bank and a COS spray to 
control and localize the heat (Figure 4-25). The lamp bank would be indexed over 
a machined pocket and heat applied. When the desired elongation due to stretching 
is reached, a limit switch would turn off the lamps. The C 0 2  spray would limit 
the heat to the local zone (Figure 4-26) .  The bank would then be indexed Over an 
adjacent machined pocket. 
62 
! 
Y 
z a 
m 
5 a 
a 
J 
Z 
0 
[r 
a 
a 
- 
\ 
f 
I- 
W 
Y 
0 
0 a 
0 
W z 
I 
0 a r 
A 
e, 
k 
m 
Y 
Q 
F 
3 
0 
k 
El 
0 
V 
4 2  
w 
0 
w 
Q 
0 
a 
e, 
0 
El 
0 u 
64 
Preliminary results of the new method clearly indicated that the method 
could control and restrict  the heat zone and showed promise as a means of over- 
coming the difficulties encountered in the age forming operation. 
The contract was terminated before the method could be optimized and 
applied to a full-scale part. 
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SECTION V 
CONCLUSIONS 
The basic concept of age forming a part  while applying a tensile load has 
been shown to be a feasible method of fabrication. The test program, while 
incomplete, served to clearly define what can be achieved and also those prob- 
lem areas that require further study. 
Two of the three major objectives, elimination of springback, achieve- 
ment of properties, and par t  dimensional control were achieved. 
The parts, though broken, closely matched the die after forming as 
shown in Figures 4- 15 and 4-24. 
Tests on specimens cut from the parts showed that the mechanical prop- 
er t ies  of artificially aged material were achieved. 
The objective of forming a part  to the desired dimensions was not achieved. 
The factors of part geometry, machined thickness variation, die friction, and 
corrosion combined to cause the failure of the first two parts. 
A method of controlling thinout and compensating for variations i n  part  
geometry and die friction forces by means of a combined lamp bank and C 0 2  
spray was under investigation in preparation fo r  Part Number 3 when the con- 
tract  was terminated for funding considerations. Initial test results appeared 
promising. It is, of course, quite important that further work in stretch aging 
avoid unnecessary complications such as corrosion and machining variations 
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